Introduction
ZnO is one of the most widely used semiconducting oxides for electrical, 1 magnetic 2 and optical 3 applications. Nanocrystalline ZnO has received considerable attention recently because of its wide range of possible technological applications such as solar cells, 4 photovoltaic devices, 5 varistors 6 and sensors, 7 the increased importance of nano-materials being a result of the unique properties that can be obtained as a result of nanostructuring. 6, 8, 9 A number of preparative techniques, many based on the reaction of zinc salt with alkali metal hydroxides or on alkoxide based sol-gel methodologies, have been shown to yield spherical well-defined particles in the range of 2 to 7 nm. 10 Many different morphological structures of ZnO microparticles have been reported including stars, 11 rods, 11, 12 snow flakes 12 and spheres. 13 However only recently have ZnO nanowires and similar morphologies been reported. These have been achieved using inter alia anodic alumina membranes, 14 physical vapour deposition, 15 gold catalysed vapour-liquidsolid growth, 16 and by chemical synthesis. 17 Perpendicularly oriented ZnO rods have also recently been prepared using low temperature solution deposition. 18 Some of these procedures produce ZnO in small quantities restricting their commercial applications. We report here that while sol-gel condensation reaction of zinc acetate and oxalic acid in ethanol solution, followed by drying and calcination, produces agglomerates of ZnO nanoparticles, 19 addition of chemical modifiers (1,2-ethanediol and diethanolamine) yields a product (nano-array ZnO) composed of linear arrays of particles of the semiconductor. This method, unlike most of those previously reported, allows the production of self-assembled materials free of inorganic impurities and in the large quantities necessary for production of varistors and similar electronic components.
One major commercial application for ZnO is the production of varistors. These are devices, used in many areas of electronics and communication technology, whose resistance varies nonlinearly with current, showing a high resistivity (typically w10 10 O cm) below a certain threshold voltage and a much lower value above this threshold. 1, 6, [19] [20] [21] [22] This ability of the device to become conducting when a critical voltage is exceeded explains the application of these materials as surge suppressors. (Above the threshold voltage the current I depends nonlinearly on the voltage V following the relationship I~(CV) a , where a is the coefficient of nonlinearity and C is a constant for the particular material.) The ZnO varistor, originally discovered by Matsuoka 21 is prepared by sintering zinc oxide with mixtures of other oxides. 20, 21 Each of the additive metal oxides control one or more of the properties such as electrical characteristics, grain growth and sintering temperature. 20, 22, 23 During sintering different phases are formed and the microstructure of a ZnO varistor comprises conductive ZnO grains surrounded by electrically insulating grain boundaries. 20 The breakdown voltage of a sintered body is proportional to the number of grain boundaries between the electrodes. 19, 20, 23 and therefore depends inversely on the ZnO grain size. Currently the ZnO used commercially is comprised of irregular-shaped polydisperse micron-sized particles. 20, 22 As nanocrystalline material contains large grain boundary volumes, more varistor-active grain boundaries per unit volume should be produced, potentially leading to smaller dimension devices.
It is intriguing to see whether varistor properties can be enhanced by working with nanoparticular ZnO 19, 23 and especially those having non-spherical morphology. In this paper we report that nano-array ZnO shows a significant enhancement of the breakdown characteristics compared to that of agglomerates of spherical nano-ZnO or micron-sized commercial materials. 
Experimental Reagents

Synthesis of ZnO nanomaterials (nano-array ZnO and nano-ZnO)
Nano-ZnO was made as previously described.
19 Nano-array ZnO was prepared similarly but with the addition of 1,2-ethanediol (EG) and diethanolamine (DEA). Thus zinc acetate dihydrate (10.98 g, 50 mmol) was dissolved in 300 ml ethanol by rotary evaporation at 60 uC under slightly reduced pressure. To this solution EG (5.57 ml, 100 mmol) and DEA (0.5 ml, 5 mmol) were added and the mixture was stirred well for 20 minutes. A solution of oxalic acid dihydrate (12.6 g, 100 mmol) in ethanol (200 ml) was simultaneously prepared by stirring for 10 min at 50 uC. The oxalic acid solution was slowly added with stirring to the warm ethanolic solution containing Zn 21 . The thick white semi-gel thus obtained was dried in an oven set at 80 uC for 20 hours, producing a white flaky xerogel (Elemental analysis; C 23.55; H 3.48; N 0.36; Zn 20.44%). This xerogel was heated at a ramp rate of 3 uC min 21 to 250, 500 or 1000 uC and held at the desired temperature for a further 2 hours. Samples were collected at each step for microstructure analysis. After calcining at 500 or 1000 uC, X-ray diffraction (XRD) measurement confirmed the presence of crystalline zincite. The material prepared at 500 uC (nano-array ZnO) was used subsequently for varistor preparation.
Varistor material preparation
In a typical experiment nano-ZnO or nano-array ZnO (2 g, 24.5 mmol) calcined at 500 uC was added to Bi 2 O 3 (0.06 g, 0.13 mmol), Sb 2 O 3 (0.094 g, 0.32 mmol), MnO (0.022 g, 0.25 mmol), NiO (0.012 g, 0.16 mmol), CoO (0.021 g, 0.28 mmol), Cr 2 O 3 (0.0196 g, 0.13 mmol) and Al 2 O 3 (0.00048 g, 0.0047 mmol), and mixed in an agate mortar for 5 minutes. This mixture was then plastified with 1 drop each of a 10% aqueous solution of poly(vinyl alcohol) and poly(ethylene glycol) and 0.015 g of gum arabic. This was further dried in an oven (100 uC) for 5 minutes and pelletised into 7 mm (diameter) 6 0.7 mm (thickness) discs before sintering at 1050 uC for 2 hours under air in a chamber furnace.
Instrumentation
Powder X-Ray Diffraction (XRD) analysis samples were prepared by making a thin film of the sample with acetone on a glass plate and performing the measurement on a Siemens D 500 X-ray diffractometer, using CuKa radiation (l~0.154 nm). The particle sizes for the nanocrystalline ZnO were calculated by the Scherrer equation. 19, 24 Transmission Electron Microscopy (TEM) was performed with a Hitachi 7000 instrument. 400 mesh copper grids coated with formvar were used to prepare the samples. Scanning Electron Microscopy (SEM) studies were carried out using a FESEM (Hitachi S-4300) instrument, which was operated at 5.0 kV or 20.0 kV. Samples for analysis were mounted on aluminium stubs and coated with graphite.
Thermal analysis of oven-dried samples was obtained using Differential Scanning Calorimetry (DSC) and Thermo-Gravimetric Analysis (TGA). DSC measurements were performed with a Rheometric Scientific DSC QC. A small amount of sample (less than 3 mg) was heated from room temperature (25 uC) to 500 uC at a constant heating rate of 10 uC min 21 under a nitrogen atmosphere. TGA was carried out using a Thorn Scientific TG-750 instrument operated at a constant heat flow of 1 uC min 21 . Infrared spectra of samples, prepared as oven dried samples or as a powder calcined at 250 uC and 500 uC, dispersed in KBr were recorded (range 400-4000 cm 21 ) on a Genesis II FTIR spectrometer.
Density measurements of the sintered samples were performed in water using an Ohaus densitometer 470007-010.
I-V characteristics (from 0.1 mA to 10 mA) were measured using a Keithley Instrument (Model 2410). The breakdown voltage (V c ) is taken as the voltage at a current of 1 mA. The nonlinear constant a was calculated from the voltages measured at a current of 10 mA and 1 mA. 19 
Results and discussion
Zinc acetate is a readily available zinc salt, which has already been shown to be a useful starting material for the formation of zinc oxide 10, 19, 25, 26 and its solubility in ethanol means that it can be used for non-hydrolytic condensation reactions. We have previously described that mixing ethanolic solutions of zinc acetate (0.1 M) and oxalic acid (0.2 M) produces a thick semi-gel. 19 Subsequent drying of this gel and calcination at 500 uC produced ZnO (nano-ZnO). TEM and XRD measurements revealed that this material consisted of unstructured agglomerates of spherical ZnO particles with a diameter of y30 nm (Fig. 1) .
It has also recently been reported that diols and amines can act as chemical modifiers in the production of sol-gel materials. [27] [28] [29] We have therefore explored how the morphology of the ZnO formed by the reaction of zinc acetate and oxalic acid is affected when 1,2-ethanediol (EG) is added at concentrations up to 0.2 M accompanied by diethanolamine [(HO(CH 2 ) 2 ) 2 NH; DEA] up to 0.04 M. As before, the zinc ion and oxalic acid concentration were maintained at 0.1 and 0.2 M respectively and in each case the gels were again dried at 80 uC and subsequently calcined at 500 uC. The TEMs of each sample demonstrate that the morphology is indeed strongly influenced by the inclusion of modifiers. The most striking effect is the formation of self-assembled fibres when Zn : Ox : EG : DEA ratios of between 1 : 2 : 1 : 0. has been studied in most detail and its properties compared to those of the ZnO prepared without chemical modifiers. In both cases the XRD pattern is characteristic of the zincite form of ZnO, with the lines showing significant broadening. The size of the nanocrystalline regions estimated using the Scherrer equation (19 ¡ 4 nm) is somewhat smaller than that found for the nanoparticular sample (nano-ZnO) prepared in the absence of modifiers (ca. 30 nm) (Fig. 1) . 19 However the most notable difference, as seen in Fig. 2a and 2b , is revealed by Field Emission Scanning Electron Microscopy (FESEM) which shows that the sample is a fibrous material containing linear arrays of 100 nm width and 2-4 mm in length.
This material (nano-array ZnO) was subsequently suspended in ethanol and ultrasonicated for periods of up to 40 minutes. TEM studies showed that this treatment separates many of the individual wires from the bundle (e.g. Fig. 2c ). These wires are composed of approximately spherical nanoparticles of average diameter 21 ¡ 3 nm, self-assembled to form one-dimensional arrays of length of 2-4 mm.
The xerogel formed at 80 uC was also heated to 1000 uC and the morphology was studied by TEM and FESEM (Fig. 2d) . At this higher temperature the individual particles sinter together to form continuous wires of width 0.3-0.4 mm and 10-20 mm in length. By contrast it was noticed that sintering of the xerogel (80 uC) made without using chemical modifiers produced irregular morphologies of grain size ranging from 0.3-0.5 mm (see Supporting information 1, ESI). In both cases these observations can be explained by the thermal fusion of adjacent particles, probably caused initially by ions diffusing along grain boundaries of the surface to the points of contact between particles. 13, 26, 30 This induces bridging and connection of the grains and results in the fusion of contiguous particles. In the case of the linear arrays this, of course, leads principally to the observed wire-like structure. 31, 32 Similar behavior has been observed for linear arrays of gold nanoparticles. 30 Characterization of the gel, xerogel and calcined powders
In order to investigate the reasons for the formation of these organized arrays, comparative electron microscopy studies were carried out on some of the precursors involved in the synthesis of the ZnO samples, prepared both in the presence and absence of modifiers. Fig. 3 (Fig. 3a and 3d ) and the xerogels produced by drying at 80 uC (Fig. 3b and 3e ) and 250 uC (Fig. 3c and 3f) for the two sets of conditions. It may be observed that reaction in the presence of EG and DEA produces elongated crystals in both the fresh gel and the xerogels (Fig. 3 a, b and c) , whereas these features are absent in the ZnO nanoparticle preparation carried out in the absence of modifiers (Fig. 3 d, e and f) . It may be concluded therefore that the linear arrays of ZnO particles formed in the presence of modifiers are due to reaction of these rod-like crystals between 250 and 500 uC. (It may also be noted that the linear arrays of ZnO are longer than the precursor crystals implying that aggregation also occurs).
To further study the thermal decomposition of the sample prepared with chemical modifiers we have carried out both TGA and DSC studies of the xerogel -i.e. the nano-array precursor previously dried at 80 uC. The TGA curve of the xerogel shown in Fig. 4a exhibits two well-defined stages of weight losses between 130 and 290 uC and between 370 and 460 uC respectively. A total weight loss of 69% is obtained. The weight loss (37%) between 100 and 270 uC may be attributed to the removal of water, 1,2-ethanediol (EG) and acetic acid. This is confirmed by FTIR studies of the product at 250 uC, where a strong peak for the carboxylate group at 1644 cm 21 is still present whereas the signal for CH attributable to the acetic acid (2900 cm
21
) and that for water (at 3264 cm 21 ) are greatly weakened. In the next stage 51 ¡ 4% of the material formed at 270 uC is lost by 460 uC, at which stage the sole product is ZnO (n Zn-O~4 50 cm 21 ). 19 The precursors at 250 uC both in the presence and absence of modifiers give an XRD (see Supporting information 2, ESI), which agrees with that of anhydrous zinc oxalate (Joint Committee on Powder Diffraction Standard, card no. 37-0718), although the sample derived from reaction in the presence of modifiers does possess significantly weaker and broader peaks, indicating lower crystallinity. The conversion of this to ZnO should result in a weight loss of 47%, in reasonably close agreement with that observed.
More information was obtained from the DSC analysis of the 80 uC xerogel (Fig. 4b) . This trace is significantly more complicated than that of the preparation carried out in the absence of modifiers which showed only peaks at 160 uC and 440 uC. 19 The broad endothermic peak at 120 uC is probably due to the removal of water (or possibly some ethanol) most likely bound to the metal ion or associated strongly with the modifiers within the xerogel. Several features appear in the broad endotherm between 150 and 250 uC. The peak at ca. 170 uC is probably due to the removal of acetic acid (and corresponds to the peak at 160 uC in the sample without modifiers 19 ), while the signals at 210 uC and 240 uC are consistent with the removal of 1,2-ethanediol and diethanolamine respectively. 29, 33 The main transition observed at 415 uC may be attributed to the formation of ZnO from anhydrous zinc oxalate 19, 26, 34 as the XRD shows that at the calcination temperature of 500 uC only ZnO is present.
The xerogel (prepared at 80 uC) showed a characteristic XRD pattern (see Supporting information 2, ESI), which correlates with the data for zinc oxalate dihydrate (JCPDS file number 25-1029) and an additional small amount of unidentified phases. Guo et al. 26 recently reported the formation of ZnO nanoparticles from a species assigned to rodlike nano-scale ZnC 2 O 4 ?2H 2 O, prepared by reaction of zinc acetate and oxalic acid using sodium dodecylbenzenesulfonate as a template. It may also be noted that decomposition of ZnC 2 O 4 ?2H 2 O in the range 330-650 uC has previously been reported to yield agglomerates of 30-60 nm ZnO nanoparticles.
35,36
Effect of different concentrations of chemical modifiers
It is clear from the above results that the addition of mixtures of 1,2-ethanediol and diethanolamine control the morphology of the ZnO formed. In order to investigate this phenomenon further we have varied the amounts of these two components and examined the morphology of the material formed at room temperature (fresh gel), dried at 80 uC (xerogel) and annealed at 500 uC (calcined material) and compared them to those prepared under the standard conditions Zn : Ox : EG : DEA1 : 2 : 2 : 0.1. (Figs. 3a, 3b and 2c) . When no amine is present (Zn : Ox : EG : DEA~1 : 2 : 2 : 0) the calcined material is composed of short arrays of varying length (Fig. 5c ) This result may also be compared to the sample when neither additive is present (Zn : Ox : EG : DEA1 : 2 : 0 : 0), 19 where calcination yields unstructured agglomerates of nanoparticles (Fig. 1) . It is clear therefore that the 1,2-ethanediol directly aids the formation of the linear arrays. Examination of the xerogels for the sample (Zn : Ox : EG : DEA~1 : 2 : 2 : 0) (Fig. 5b) shows that EG causes the formation of rod-like crystals, but these are shorter than those when DEA is also present. Fig. 5d to 5i shows the effect of varying the amount of DEA while holding the ratio of Zn : EG constant at a 1 : 2 ratio. It was found that in the calcined samples the formation of wirelike arrays starts already when DEA is present in small amounts e.g. (Fig. 5i) . Examination of the xerogels (5h) clearly demonstrates that these latter features originate from the larger 'whiskered' crystals already present at 80 uC.
Discussion of the formation of linear arrays
It is evident that the presence of either 1,2-ethanediol or diethanolamine alone is insufficient to confer a highly linear assembly ( Fig. 5 and Supporting information 3, ESI) . Furthermore it is quite clear that the combined presence of these two chemical modifiers aids the alignment of particles and facilitates condensation as a fibrous semi-gel form. The action of the DEA is superficially similar to that of capping agents such as dodecanethiol, 31 and sodium dodecylbenzenesulfonic acid salt 26 which have been reported to facilitate self-assembly of nanoparticles to give well-defined morphologies. Amines are well known to control the morphology of ZnO 18,27,37-41 and other materials. 42, 43 In these cases the role of the amine appears to be to organize the precursor particles in a regular manner. As more DEA is added there is an increase in the length and width of xerogel rods. However the optimum ratio of EG : DEA appears to be 2.0 : 0.1 as at higher DEA concentrations the alignment of particles becomes less precise. Indeed as the amount of DEA increases to 0.4, the regular linear alignment of particles is replaced by a network of crosslinked aggregates (Fig 5i) .
Diethanolamine has both a high boiling point (217 uC) and latent heat of vaporisation, 44 which allow the retention of rodlike xerogel morphology close to the formation temperature of ZnO. This formation process can therefore be considered as a co-effect of diethanolamine and 1,2-ethanediol. It is interesting to note that a mixture of acetylacetone and 1,2-ethanediol as modifiers has recently been reported 45 to produce tetrapod-like CuCl 2 crystals, whereas the absence of either leads to ill-defined morphologies.
The effect of modifiers was further confirmed from the following reaction. The xerogel (80 uC) of the self-assembled ZnO material was dispersed in ethanol by ultrasonication (10 min) and the microstructure studied by TEM. By such treatment the rod-like morphology is destroyed and the structure (Fig. 6) is similar to the precursor gel without the modifiers (Fig. 3d, e and f) . This is probably due to the removal of modifiers during alcohol treatment and ultrasonication.
Varistor studies
To study whether nano-array ZnO can be used to produce varistors with enhanced performance (especially a higher breakdown voltage), mixtures of it with additive oxides (in the proportions used for commercial varistor manufacture) have been sintered at 1050 uC. The properties of these varistors have been compared to those prepared from nano-ZnO and from micron-sized commercial ZnO.
XRD measurements have been carried out on each of the varistors. That obtained from the sample prepared from nanoarray ZnO is presented in Fig. 7 Density and electrical measurements were also carried out with each of the sintered (1050 uC) varistor samples (Table 1) .
It may be observed that the varistors prepared from the nano-array ZnO have achieved the same densification as the micron-sized commercial samples. By contrast the densification of the nano-ZnO is much lower. This indicates that the nanostructuring of the ZnO particles into nanowires has a positive effect on the sintering process. Study of the current-voltage dependence of each of the samples revealed that the nano-array material yielded a sample with a breakdown voltage (V c~7 86 ¡ 30 V mm (Fig. 8) . These studies point toward the formation of more varistoractive grain boundaries per unit area 20, 47 in both nano samples compared to the commercial samples. As the breakdown voltage of a sintered body in the nano-array sample is highest, this suggests that the nanostructuring of the ZnO has caused an increase in the number of grain boundaries per unit area. It may be noted that both nano-array and nano-ZnO samples exhibit lower a values compared to commercial samples and this may be improved by optimization of additive dopant concentrations such as CoO, MnO, NiO, Cr 2 O 3 and Al 2 O 3 in the formulation. [20] [21] [22] 48 The basic building block of varistors consists of matrix of ZnO grains separated by grain boundaries providing p-n junction semiconductor characteristics. During the sintering process, various metal oxide additives used in the formulation get distributed in such a way that the grain interior becomes highly conductive and the grain-boundary region becomes highly resistive. 20, 22 These resistive grain boundaries are responsible for blocking conduction at low voltages and are the sources of the non-linear electrical conduction at higher voltages. As the non-linear electrical behaviour occurs at the boundary of each semi-conducting ZnO grain, the varistor can be considered as a multi-junction device composed of many series and parallel connections of grain boundaries. Mean grain size and grain size distribution play a major role in electrical behavior and it is likely that the nano-array material has particularly favourable properties in this regard.
Conclusions
A sol-gel method for creating self-assembled arrays of ZnO nanoparticles has been established, which exploits a synergistic effect of two modifiers, 1,2-ethanediol and diethanolamine. Electron microscopy studies show that this sample contains ZnO arrays composed of nanoparticles of y20 nm diameter. The modifiers appear to act by causing the formation of needlelike crystals of zinc oxalate dihydrate.
Varistors made after doping these self-assembled arrays showed a breakdown voltage superior to that prepared from commercial ZnO materials and from agglomerated spherical ZnO nanoparticles (nano-ZnO). Further improvement of these materials may lead to the fabrication of smaller devices. Because of the simplicity of the preparation procedure, scale-up is readily achieved and these materials have already been successfully produced in 500 g batch in an industrial scale pilot plant operation. 
